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ABSTRACT

The HD molecule is an important coolant in early universe chemistry models and a tracer of H2 in star-forming regions. Rate
coefficients for collisional excitation and de-excitation of HD rotational and vibrational levels form important ingredients in
astrophysical models. While collisions with He, H2 , and H are the most important, available data for H + HD collisions are
largely limited to temperatures less than 1000 K for the vibrational ground state, low-lying rotational levels of the v = 1 HD
vibrational level, or computed without reactive contributions. Here, through explicit quantum scattering calculations, we report
extensive data for rovibrational transitions in HD induced by H atoms for a range of rotational levels in v = 1 and some v = 0
levels for temperatures up to 1000 K. The significance of the computed results for astrophysical modeling is discussed.
Key words: astrochemistry – molecular data – molecular processes – early Universe.

1 I N T RO D U C T I O N
The interaction of H2 and HD with atomic hydrogen is among the
most widely investigated and important processes in elementary
chemical reactions. The H + H2 , H + D2 , and H + HD reactions
serve as benchmarks for experimental and theoretical investigations
of bimolecular processes (Marinero, Rettner & Zare 1984; Zhang
& Miller 1989; D’Mello, Manolopoulos & Wyatt 1991; FernándezAlonso & Zare 2002; Harich et al. 2002; Aoiz, Bañares & Herrero
2005; Yang 2007; Gao et al. 2015; Karandashev et al. 2017; Yuan
et al. 2018a,b, 2020; Goswami et al. 2020) and continue to attract
much attention in the quest for unraveling quantum effects such as
the geometric phase (GP) in chemical reactions (Kendrick, Hazra
& Balakrishnan 2015; Hazra, Kendrick & Balakrishnan 2016; Croft
et al. 2017; Kendrick 2018; Yuan et al. 2018a,b; Kendrick 2019).
These elementary reactions are also of considerable interest in
early universe chemistry models in determining H2 and HD column
densities and the relative abundance of H/D in the interstellar
medium (Flower 1999, 2000; Flower & Roueff 1999; Neufeld et al.
2006; Wrathmall, Gusdorf & Flower 2007; Gay et al. 2011; Nolte
et al. 2011; Desrousseaux et al. 2018; Walker, Porter & Stancil
2018; Neufeld et al. 2019; Zhou et al. 2020). The H + HD ↔
D + H2 chemical reaction is especially important in this context
as it cycles the heavier isotope between molecular form (HD) and
purely atomic form. The HD molecule by virtue of its small dipole
moment also serves as a tracer of H2 through its j = 1 → 0 rotational
transition at 112 μm (Neufeld et al. 2006; Desrousseaux et al. 2018).
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Observations (Howat et al. 2002; Yuan et al. 2012) using the Infrared
Spectrograph on the Spitzer Space Telescope have reported HD
emissions from excited rovibrational level v = 1, j = 5, as well
as the pure rotational R(3) and R(4) lines, but relevant reaction rate
coefficients are still limited in terms of initial HD rovibrational levels
and gas temperature.
Due to the low densities of astrophysical environments, molecular
level populations are typically out of thermal equilibrium and
an accurate determination of level populations involves solving a
master equation that requires molecular data for both collisional and
radiative transitions (Dubernet et al. 2013). In interstellar molecular
clouds, the dominant collision partners of HD are He, H2 and atomic
hydrogen. Quantum scattering calculations are the primary source of
collisional data and by far the most comprehensive data correspond
to He + HD collisions (Nolte et al. 2011; Zhou & Chen 2017).
State-to-state rate coefficients for H2 + HD collisions have also been
reported (Flower 1999, 2000; Flower & Roueff 1999; Balakrishnan
et al. 2018; Wan et al. 2019) mostly within the rigid rotor formalism
and for rotational levels j ≤ 8 of the HD molecule.
Being a benchmark system H + H2 , H + HD, and their isotopic
counterparts have received much attention over the last several
decades (Marinero et al. 1984; Zhang & Miller 1989; D’Mello et al.
1991; Harich et al. 2002; Gao et al. 2015; Yuan et al. 2018a, b, 2020).
Most early experimental and theoretical investigations were centered
around benchmarking theory against experiments and providing
improved descriptions of the H3 potential energy surfaces (PES;
Boothroyd et al. 1996; Mielke, Garrett & Peterson 2002; Yuan et al.
2018a, b). Among the available PESs for the H3 system, the one
by Boothroyd et al. (1996) referred to as the BKMP2 PES and by
Mielke et al. (2002) referred to as the CCI PES, nearly equally well
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2 C A L C U L AT I O N S D E TA I L S
The scattering calculations were performed using the quantum
mechanical reactive scattering program ABC (Skouteris, Castillo &
Manolopoulos 2000). The ABC code solves the time-independent
Schrödinger equation for the nuclear motion of three atoms on
the PES resulting from the solution of the electronic motion. The
highly accurate ab initio CCI PES of Mielke et al. (2002) for the
H3 system is employed in our scattering calculations. Numerical
solution of the Schrödinger equation is carried out in hyperspherical
coordinates, which include one radial coordinate (hyperradius ρ) and
five angular coordinates (two internal hyperangles and three external
hyperangles that form the Euler angles). The internal coordinates
determine the size and shape of the triangle formed by the three atoms
while the external coordinates determine their orientation in space.
An adiabatic approach is used for the solution of the Schrödinger
equation. In this approach, the hyper-radius is divided into a large
number of sectors (mtr ) and at the middle of each sector, for a given
value of the total angular momentum quantum number J (quantum
number denoting the vector sum of the molecular rotational angular
momentum j and the orbital angular momentum l) and triatomic
parity P (Skouteris et al. 2000), the total wavefunction is expanded
in terms of rovibrational wavefunctions of the diatomic fragments in
each arrangement channel of the A + BC system, H + HD, and D
+ H2 in the present case. The number of rovibrational levels in each
channel is specified by the parameter jmax (the maximum value of the
rotational quantum number of the HD/H2 molecule), the maximum
value (kmax ) of the helicity quantum number k (projection of J on the
body-fixed z-axis that is directed along the atom-molecule center-ofmass vector) and a cut-off energy (Emax ). The Schrödinger equation
is propagated from the classically forbidden region ρ min ∼ 0 to ρ =
ρ max in steps of ρ and asymptotic boundary conditions are applied
at ρ max to evaluate the parity-adapted scattering matrix SJvfPjf kf ←vi ji ki .
For a given incident collision energy Ec = E − Evi ji where E is the
total energy and Evi ji is the initial rovibrational energy of the reactant
molecule, separate calculations are performed for each {J, P} and
diatomic parity q = (−1)j (relevant only for the H2 molecule in the

Table 1. Parameters in the calculations for the H + HD reaction with the
ABC program.
Parameter

Explanation

jtot = 0 − 40
ipar = ±1
Emax = 2.7
jmax = 15
kmax = 10
ρ max = 20
mtr = 5000

Total angular momentum quantum number J.
Triatomic parity eigenvalue P.
Maximum internal energy in any channel (in eV).
Maximum rotational quantum number of any channel.
Helicity truncation parameter.
Maximum hyper-radius (in Bohr).
Number of log derivative propagation sectors.

Table 2. Energy levels of HD and H2 .
HD
v

j

Energy (eV)

v

j

0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1

0
1
2
3
4
5
6
7
8
9
10
11
0
1
2
3
4
5

0.2344204966
0.2454838786
0.2675344527
0.3004216583
0.3439240989
0.3977545980
0.4615665069
0.5349609490
0.6174946640
0.7086881210
0.8080335990
0.9150029727
0.6848509269
0.6954360057
0.7165321806
0.7479932794
0.7896044205
0.8410869841

0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1

0
1
2
3
4
5
6
7
8
9
10
11
0
1
2
3
4
5

H2
Energy (eV)
0.2702721432
0.2849632856
0.3142107893
0.3577493671
0.4151914554
0.4860388013
0.5696966068
0.6654893326
0.7726772515
0.8904729216
1.0180568831
1.1545920503
0.7863354846
0.8002932045
0.8280783559
0.8694345634
0.9239874404
0.9912559355

present case). State-to-state reaction cross sections are determined
from the helicity-resolved S-matrix elements according to (Skouteris
et al. 2000)
σvf jf ←vi ji (Ec ) =

Jmax


π
kv2i ji (2ji
×



+ 1)

(2J + 1)

J =0

|SJvf jf kf ←vi ji ki (Ec )|2 ,

(1)

kf ki


c
is the wave vector in the incident channel
where kvi ji = 2μE
2
and μ is the two-body (H-HD) reduced mass. We note that the
helicity quantum numbers, ki and kf for the initial and final states, are
restricted to 0 ≤ ki ≤ min(J, ji ) and 0 ≤ kf ≤ min(J, jf ). State-to-state
rate coefficients are obtained by averaging the corresponding cross
sections over a Boltzmann distribution of relative collision velocities
of H and HD at a given temperature T:

3/2
2
1
Kvf jf ←vi ji (T ) = √
π μ kB T
 ∞
×
σvf jf ←vi ji (Ec )e(−Ec /kB T ) Ec dEc
(2)
0

where kB is the Boltzmann constant.
The values adopted for the parameters of the ABC code for the
scattering calculations are summarized in Table 1. Selected energy
levels of HD and H2 from our calculations are given in Table 2. The
H + H2 and H + HD reactions are characterized by an energy barrier,
but favour a collinear approach though non-collinear geometries are
MNRAS 507, 6012–6019 (2021)
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account for most experimental data for H + H2 , H + HD, and D
+ HD collisions. These PESs have also been able to account for
even subtle effects such as the GP (Kendrick et al. 2015; Hazra et al.
2016; Croft et al. 2017; Kendrick 2018, 2019). The GP effect, while
not significant at temperatures relevant to astrophysics, is important
below 1 K as illustrated in a series of calculations on H + HD (v, j)
collisions for vibrational levels v = 4 − 9 (Kendrick et al. 2015; Hazra
et al. 2016; Croft et al. 2017; Kendrick 2018, 2019). Though several
prior studies of Flower and co-workers (Flower 1999, 2000; Flower
& Roueff 1999; Wrathmall et al. 2007) have reported rate coefficients
for H + HD collisions, due to the approximations involved in the
scattering calculations (e.g. neglect of hydrogen atom-exchange),
the reliability of the available rate coefficients has been a source
of debate (Desrousseaux et al. 2018). Recently, Desrousseaux et al.
(2018) reported rate coefficients for pure rotational transitions for
j ≤ 10 within the v = 0 vibrational level using accurate quantum
calculations that include the exchange channel. In this paper, we
report rate coefficients for state-to-state rovibrational transitions in
HD induced by H atoms between and within the v = 0 and 1
vibrational levels and for temperatures ranging from T = 1–1000 K.
The paper is organized as follows: Section 2 describes details of
the computational approach. Results and Discussion are presented
in Section 3 and 4. Astrophysical applications are presented in
Section 5. Finally, Section 6 presents the conclusions.
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also relevant. This is illustrated for the CCI potential (Mielke et al.
2002) in Fig. 1, where we plot the minimum energy reaction pathways
at different atom-molecule Jacobi angles from 0o to 180o at intervals
of 10o . The maximum energy barrier occurs at θ = 60o . The angle
θ = 0o and 180o correspond to linear configurations and the lowest
energy pathways. It is also important to point out that limiting kmax =
0 corresponds to the coupled-states approximation. Convergence test
was performed with respect to kmax and it was found that kmax = 10
is large enough to produce converged results. Previous studies by
Desrousseaux et al. (2018) have also adopted a cut-off value of 10
for kmax .
3 R E S U LT S
Inelastic collisions of H with HD can lead to three outcomes:
(i) rovibrational energy transfer without H atom exchange; (ii)
rovibrational energy transfer with exchange of the H atom; and (iii)
reactive scattering leading to H2 formation. These three processes
are illustrated as
H + HD(v, j ) → H + HD(v , j )

inelastic,

(3)

H + HD(v, j ) → H + H D(v , j )

exchange,

(4)

H + HD(v, j ) → D + H H(v , j )

reactive,

(5)

where the two H atoms are labeled with and without primes
to illustrate the atom-exchange process and the primed quantum
numbers v and j may be different for the three processes. It is worth
noting that the inelastic and exchange processes (processes 3 and
4) are experimentally indistinguishable since the experimental cross
sections for H + HD → H + HD include contributions from both
inelastic and exchange processes. Rate coefficients of these processes
have been computed by Desrousseaux et al. (2018) for H + HD (v =
0, j = 0 − 10) collisions. Here, we focus on rovibrational transitions
out of the v = 1 level. In Fig. 2, we present rate coefficients for the
three processes for the v = 1, j = 5 → v = 0, j = 0 transition
as functions of the temperature. It is seen that the purely inelastic
process dominates for temperatures below 100 K, but the reactive
process becomes competitive to the inelastic process for temperatures
above 10 K and surpasses it above 500 K. The exchange channel
MNRAS 507, 6012–6019 (2021)

Figure 3. Collision energy variation of the cross sections for the HD (v =
1, j = 5) + H → D + H2 (v , j ) reaction.

is suppressed by about two orders of magnitude compared to the
inelastic process for T < 100 K and remains a factor 5 less efficient
at 1000 K. These findings are somewhat similar to the trend for v =
0 collisions reported by Desrousseaux et al. (2018) for T < 100 K
though the inelastic process remains the dominant mechanism even
at T = 1000 K. Below, we present detailed results for the three
processes.

3.1 Reactive process
Fig. 3 presents cross sections for H + HD (v = 1, j = 5) → D
+ H2 (v , j ) collisions for v = 0, j = 0 − 8 and v = 1, j =
0 − 2 as functions of the incident collision energy Ec . As stated
above, infrared emission from this state has been detected (Howat
et al. 2002), while no previous state-to-state rate coefficients for the
reaction are available for comparison. It is seen that the cross sections
present the same structure for different final states in the low collision
energy region. Especially, the state-to-state cross sections exhibit a
broad peak at about 0.6 cm−1 and remain largely structureless for
higher energies. The trend for v = 0 appears to favour small changes
in |j| and v = 1 cross sections are considerably smaller.

Downloaded from https://academic.oup.com/mnras/article/507/4/6012/6371108 by University of Nevada at Las Vegas user on 23 December 2021

Figure 2. Temperature variation of the rate coefficients for the inelastic,
reactive, and exchange processes for HD (v = 1, j = 5) + H → HD(v =
0, j = 0) + H or → D + H2 (v = 0, j = 0).

Figure 1. The minimum energy reaction pathways for different
atom-molecule orientation angles from 0o to 180o for CCI PES.

Rovibrationally excited collisions of HD + H

Figure 5. Temperature variation of the rate coefficients for the HD (v =
1, j = 5) + H → D + H2 (v = 0, j ) reaction. Inset: the rate coefficients for
different j at 10 K.

In order to show the contribution of partial waves to the resonance,
cross sections for the H + HD (v = 1, j = 5) → D + H2 (v = 0,
j = 0) reaction for J = 0 − 5 are plotted in Fig. 4. It is seen
that J = 4 dominates the resonance near 0.6 cm−1 , and J = 3 is
responsible for a smaller resonance feature near 5 cm−1 though it
does not significantly emerge from the background. The partial cross
sections for J = 0 − 3 and 5 follow the Wigner threshold law (Wigner
1948) behaviour below 1 cm−1 .
Fig. 5 displays corresponding rate coefficients for H2 (v = 0, j )
for j = 0 − 8. The state-to-state rate coefficients exhibit strong
temperature dependence and vary by about 5 orders of magnitude
between T = 1 − 1000 K. The inset of Fig. 5 shows the rotational
distribution at T = 10 K which exhibits a peak for j = 3 and 4
highlighting the preference for small changes in j. The negligible
population of j = 8 can be understood from the fact that at 10 K
main contributions to the cross sections occur from J = 3 and 4
which lead to outgoing partial waves 5 − 11 and 4 − 12. Due to the
relatively small kinetic energy for the j = 8 final state, the angular
momentum barriers are significant for these high outgoing partial
waves leading to a suppression of the corresponding cross sections.

Figure 6. Collision energy variation of the cross sections for the reactive
process for different initial states of HD (v = 1, j) to HD (v = 0, j = 0).

Figure 7. Collision energy variation of the cross sections for the H D (v =
1, j = 5) + H → H + HD (v = 0, j ) exchange process.

This becomes less relevant at higher temperatures, especially above
500 K. As the temperature rises to 1000 K, rate coefficients for
all final rotational levels except j = 0 become comparable as the
anisotropy of the potential provides sufficient torque to populate these
levels.
In Fig. 6, we present cross sections for H + HD (v = 1, j) →
D + H2 (v = 0, j = 0) collisions for rotational levels j = 0 − 5
as functions of the incident collision energy. The sharp feature for
the j = 0 case at energies close to 85 cm−1 is a Feshbach resonance
arising from coupling with the closed channel corresponding to j =
1 and l = 0. A detailed analysis of this resonance has been presented
in our recent work (Zhou et al. 2020) and it appears to vanish with
rotational excitation of the HD molecule. Also, the ‘kink’ in the j = 0
cross-section near 1000 cm−1 has been ascribed to metastable states
in the H + HD (v = 1, j = 0) channel (Zhou et al. 2020), while it
vanishes for rotational levels j > 1 of HD.
3.2 Exchange process
In Fig. 7, we present the cross sections for the exchange process
H + HD (v = 1, j = 5) → H + H D (v = 0, j ) for j =
MNRAS 507, 6012–6019 (2021)
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Figure 4. Collision energy variation of the cross sections for the HD (v =
1, j = 5) + H → D + H2 (v = 0, j = 0) reaction for different values of the
total angular momentum quantum number J.
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Figure 10. Collision energy variation of the cross sections for the HD (v =
1, j = 5) + H → H + HD (v = 0, j ) inelastic process.

Figure 11. Temperature variation of the rate coefficients for the HD (v =
1, j = 5) + H → H + HD (v = 0, j ) inelastic process. Inset: the rate
coefficients for different j at 10 K.

3.3 Inelastic process
Figure 9. Collision energy variation of the cross sections for the exchange
process for different initial states of HD (v = 1, j) to HD (v = 0, j = 0).

0 − 10 as functions of the collision energy. The cross sections for
the exchange channel have a similar structure to the reactive case
in the range of collision energy between 0.1 and 100 cm−1 , and
the resonance at about 0.6 cm−1 is also present. The overall trend
is that the cross sections decrease with increase in |j|, but this
propensity becomes less effective as the collision energy exceeds
2000 cm−1 . The corresponding rate coefficients are presented in
Fig. 8. As illustrated in the inset of the figure, unlike the reactive
case, the rotational distribution shows comparable values for j =
1 − 5 at 10 K and falls off precipitously for higher j . The effect of
rotational excitation of the HD molecule on the exchange process is
illustrated in Fig. 9 for H + HD (v = 1, j) → H + H D (v = 0, j =
0) for j = 0 − 5. As in the case of reactive scattering, the HD (v = 1,
j = 0) initial state displays a Feshbach resonance near Ec = 85 cm−1 .
The fact that the Feshbach resonance appears both in reactive and
exchange collisions implies that it is a feature associated with the
initial channel and shares a common mechanism with the reactive
process.
MNRAS 507, 6012–6019 (2021)

So far we have discussed reactive collisions leading to the D + H2
product and exchange collisions involving swapping of the H atom
(process 4) leading to changes in rovibrational levels of the HD
molecule. In Fig. 10, we show cross sections for non-reactive deexcitation (inelastic process 3) of HD (v = 1, j = 5) to v = 0, j for
j = 0 − 10 in collisions with H. Transitions to j > 10 are endoergic
and not shown. Cross sections for these transitions are nearly 2–3
orders of magnitude larger than that of the H-exchange collisions at
the lowest collision energy, but become comparable to the exchange
process at high collision energies, ∼5000 cm−1 . Fig. 11 displays the
corresponding rate coefficients with the inset showing the rotational
distribution at 10 K. Interestingly, the rotational populations show
markedly different distribution compared to the exchange process in
Fig. 7. In particular, vibrational quenching populates high rotational
levels j = 8 − 10 compared to j = 1 − 5 for the exchange process.
Thus it appears that at collision energies below 50 K, the non-reactive
and exchange collisions sample different anisotropic regions of the
PES leading to different rotational populations of the HD molecule
in v = 0. The effect of rotational excitation of the HD molecule is
illustrated in Fig. 12 for v = 1, j = 0 − 5 → v = 0, j = 0 collisions.
The cross sections for these processes are more sensitive to the initial
rotational level of the HD molecule compared to that of the exchange
collisions shown in Fig. 9.
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Figure 8. Temperature variation of the rate coefficients for the H D (v =
1, j = 5) + H → H + HD (v = 0, j ) exchange process. Inset: the rate
coefficients for different j at 10 K.

Rovibrationally excited collisions of HD + H

6017

Figure 12. Collision energy variation of the cross sections for the inelastic
process for different initial states of HD (v = 1, j) to HD (v = 0, j = 0).

Figure 13. Temperature variation of the rate coefficients for the inelastic
process of pure rotational quenching for HD (j = 2) to its lower final states
by H collisions comparing results for v = 0 and v = 1 to Wrathmall et al.
(2007) and Flower & Roueff (1999).

4 DISCUSSION
Prior work on rovibrationally excited HD collisions with H is limited,
particularly for the exchange and reactive channels. However, rate
coefficients for inelastic quenching of HD within the v = 0 and v = 1
vibrational levels have been reported by Flower & Roueff (1999) and
Wrathmall et al. (2007). In Fig. 13, we compare rate coefficients for
j = 2 → 1 and j = 2 → 0 within the v = 1 vibrational level of HD in
the temperature range T = 100 − 1000 K. It is seen that our inelastic
results for v = 1 are in close agreement with those of Wrathmall et al.
(2007) and Flower & Roueff (1999) and pure rotational quenching
rate coefficients are largely insensitive to the initial vibrational level
of the HD molecule (at least for v = 0 and v = 1). Similar results for
quenching from j = 3 → j for j = 0, 1, and 2 are given in Fig. 14. Our
results are in good agreement with those of Flower & Roueff (1999)
for j = 1 and 2, but differ strongly for j = 0. Results presented in
Fig. 15 for j = 4 → j for j = 0 − 3 in the v = 1 vibrational level
show similar good agreement with prior results of Wrathmall et al.
(2007), but display significant discrepancies with those of Flower &
Roueff (1999) for j = 0 and 1. The larger differences for |j| > 2
indicate sensitivity of the rate coefficients to higher anisotropic terms

Figure 15. Temperature variation of the rate coefficients for the inelastic
process of rotational quenching for HD (j = 4) to its lower final states by H
collisions comparing results for v = 0 and v = 1 to Wrathmall et al. (2007)
and Flower & Roueff (1999).

of the interaction potential, since we used a different PES from that
adopted by Flower & Roueff (1999).
To confirm the accuracy of our cross sections computed using
ABC and the CCI PES, separate calculations were performed on the
BKMP2 PES using the scattering code APH3D (Kendrick & Pack
1995; Kendrick 2003). As can be seen from Fig. 16, the cross sections
for the reactive process HD (v = 0, j = 0) + H → D + H2 (v =
0, j ) show very good agreement for different potentials and different
scattering codes.
Additionally, Fig. 17 presents the comparison of our results against
those of Desrousseaux et al. (2018). We calculated the cross sections
for collision energies from 327 cm−1 (j = 0) to 10 005 cm−1
for the reaction H + HD (v = 0, j = 0) → D + H2 (v = 0).
The rate coefficients presented in Fig. 17 are summed over all
the possible final rotational states. As we noted for cross sections
in Fig. 16, temperature variation of the rate coefficients from our
separate calculations agree with each other, and they also show good
agreement with the results of Desrousseaux et al. (2018) above 500 K.
However, a large difference is displayed between our results and
those of Desrousseaux et al. (2018) at temperatures below 500 K.
We also carried out calculation using ABC with parameters adopted
by Desrousseaux et al. (2018), but as shown from Fig. 17, we couldn’t
reproduce the rate coefficients of Desrousseaux et al. (2018). Instead,
MNRAS 507, 6012–6019 (2021)
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Figure 14. Temperature variation of the rate coefficients for the inelastic
process of rotational quenching for HD (j = 3) to its lower final states by H
collisions comparing results for v = 0 and v = 1 to Wrathmall et al. (2007)
and Flower & Roueff (1999).
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Figure 17. Temperature variation of the rate coefficients for the HD (v =
0, j = 0) + H → D + H2 (v , j ) reaction (summed over all final states of v
and j ). Comparison of the current results to those from Desrousseaux et al.
(2018).

we find good agreement with our results. Meanwhile it is worthy of
note that figs 2 and 3 of Desrousseaux et al. (2018) do not agree
for temperatures below 100 K as shown in Fig. 17. Since the rate
coefficients for the reactive process is very small below 100 K for the
ground rovibrational level this discrepancy is not a significant issue
for astrophysical applications.
5 A S T RO P H Y S I C A L A P P L I C AT I O N
As highlighted in the introduction, inelastic, exchange, and reactive
processes involving HD are important in a variety of astrophysical contexts. In this work, we have extended the calculations of
Desrousseaux et al. (2018) which only considered v = 0, j = 0 − 10
to initial rovibrational states v = 1, j = 0 − 5. Both studies used the
reactive scattering code ABC so that results are obtained for all three
processes (3)–(5). The combined data sets, while not complete, can
MNRAS 507, 6012–6019 (2021)

6 CONCLUSIONS
We have presented extensive quantum mechanical scattering calculations of cross sections and rate coefficients for rovibrationally
inelastic, exchange, and reactive collisions of rovibrationally excited
HD with H atoms focusing on H + HD (v = 1, j = 0 − 5) collisions.
The state-to-state rate coefficients are presented for temperature up to
1000 K. Our results for the pure non-reactive pathway and an atomexchange pathway reveal strong sensitivity to both the initial and final
rotational levels of the HD molecule. Comparisons of pure rotational
quenching cross sections with available literature data show good
agreement though some discrepancy is noted for transitions involving
|j| > 2. The discrepancy is attributed to differences in the adopted
PESs.
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Figure 16. The comparison of collision energy variation of the state-to-state
cross sections for the reactive process for different final states from HD (v =
0, j = 0) to H2 (v = 0, j ) using PESs CCI and BKMP2 and reactive scattering
codes ABC and APH3D.

be used to improve the kinetic modeling of HD, though the results are
generally in agreement with the non-reactive inelastic calculations
of Wrathmall et al. (2007).
Fig. 2 indicates that the reactive process (5) should not be neglected
in master equation solutions of the HD(v, j) population distribution
as it is a significant HD loss mechanism. On the other hand, the
neglect of the exchange process (4) is found to be justified, except for
temperatures approaching 1000 K and higher. Quantum interference
between contributions of inelastic and exchange processes can lead
to significant enhancement or suppression of the cross sections
whenever the two contributions are comparable in magnitude (in
this work T > 1000 K). This quantum interference mechanism is
responsible for the large GP effects at ultracold energies 1 K where
the inelastic and exchange contributions also become comparable in
magnitude for v ≥ 4.
Further, given the small D/H interstellar abundance ratio, the
reactive process (5) is not likely to be important as an H2 formation
mechanism. In addition, pure rotational inelastic transitions are found
to be insensitive to the vibrational state, at least for v = 0 and 1, which
may aid in enhancing the collisional database for higher vibrational
states. Finally, it would be important to update the HD radiative
cooling models of Flower et al. (2000), Lipovka, Núñez Lṕpez &
Avila-Reese (2005), and Glover & Abel (2008).
Beyond its role in radiative cooling, HD has been the target
of observational studies searching for its rotational lines in the
recombination era (Persson et al. 2010), in primordial haloes
(Novosyadlyj et al. 2020), and in protoplanetary discs (Trapman
et al. 2017). Unfortunately, deep searches using the Odin satellite
by Persson et al. (2010) for the HD R(4) and R(5) rotational lines
in the submillimeter, designed to probe redshifts z near 20–30, were
unsuccessful. Novosyadlyj et al. (2020) performed a theoretical study
of the influence of HD formed in primordial haloes (z = 10 − 30)
on anisotropies of the cosmic microwave background (CMB). The
predicted effect, due to resonant scattering of CMB photons, was
found to be below current telescope sensitivities.
Trapman et al. (2017) proposed that observations of the HD
R(1) and R(2) lines could be used as a tracer of the gas mass in
protoplanetary discs. Using the Herschel Space Telescope, Kama
et al. (2020) observed the R(1) rotational line in 15 discs and used
this method to deduce their masses. The HD rotational lines probe
regions near the mid-plane of the disc which is characterized by
high density and low temperature. Near the top of the disc surface,
the conditions will be reversed such that non-equilibrium modeling
of the HD levels with a master equation will be needed which
is expected to be dominated by H collisions. Future observations
with the James Webb Space Telescope may be able to detect HD
rovibrational transitions from the surfaces of protoplanetary discs.

Rovibrationally excited collisions of HD + H
AC K N OW L E D G E M E N T S

DATA AVA I L A B I L I T Y S TAT E M E N T
All cross-section and rate coefficient data can be found on the
University of Georgia Molecular Excitation Database: https://ww
w.physast.uga.edu/amdbs/excitation/.
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